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o The system in which liqu! .-phase catalytic hydrogenation take. place is
composed of an unsaturated compound, a solvent, the catalyst, and gaseous
hydrogen. So that hydrogenation may take plaee, both hydrogen and the un-
saturated compound must diffuse to the surface of the catalyst, must be ad-
sorbed by 1t, must react, and then the reaction products must be desorbad.

It 1s often the case with reactions which teke place in the liquid
phase that this whole complex catalytic process reflects, as a whole, the
relationships governing the diffusion of reagents from a volume to the sur-
face of a catalyst, and the total rate of the process under these conditions
is equal to the rate of diffusion. In such a case the reaction will proceed
in the "aiffusion’ region (1). !

If diffusion is ignored, 1t is possible to study the kinetics of the
reaction by itself and to determine the so-called kinetic region of the i
reaction, where the reaction rate reflects directly the kinetics on the
surface of the catalyst (1).

Therefore, a study of the actuasl kinetics and mechanism of any given
reaction requires that the diffusion processes be eliminated, which can be
achieved by varying the rate of agitation, temperature, yuwantity of the
substance to be hydrogenated, etc.
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Research on hydrogenation processes from the viewpoint of delimiting the
diffusion and kinetic regions of a reaction was conducted in the works of
8. Yu. Yelovich, G. M. Zhabrova, and V. I. Gol'danskiy (2-4) end in those of
D. V. 8okol'skiy and his associates (5-7). In one of their first works (2)
Yelovich and zhabrova studied the kinetics of the hydrnr wmation of styrene
in a soluticn of glacial acetic acid in the presence of on BaS0y as
catalyst. The rate of hydrogenation styrene obeyed an equation of the zero
order, and the zero order was preserved for a variation of the number of
shakings between 100 and 600 per min. It was shown that a low intensity
of agitation, from 100 to 490 .hakings per min, the hydrogenation reaction
took piace in the diffusion region in reaspect to hydrogen, but in the kinetic
in respect to the unsaturated -ompound. At a higher intensity of agitation
(over 490 shakings per min) the reaction rate did not depend on the intensity
of agitation.

In the kinetic region, the apparent energy of activation, calculated
graphically in the temperature interval of 20-100°C, was equal to 5,000
1,000 cal/role, and the reacilon rate was directly proportional to the
quantity of catalyst when the latter was varied from 0.0018 to 0.036 g, on
the basis of metallic Ft.

Purther study of the influence of hydrodynamic factors on the rate of
hydrogenation of unsaturated organic compounds was reflected in the work of
V. I. Gel'dans™iy and 8. Yu. Yelovich (3). devoted to the hydrogenation of
oleic acid in solution of glacial acetic acid in the L-esence of Pt on
BaSO0p- In this vork it was demonstrated that the position of the boundary
between the diffusion and kinetic regions depends on the temperature and
quantity of catalyst.

In the kinetic region, the reaction rate is proportional to the Es-r/\1-
quantity of catalyst, while in the diffusion region, it approaches a iimit-
ing value. | la similar dependence

for the hydrogenation of trimethylettylene in the presence of platinum oxide
in a solution composed of a mivture of 95% ethyl alcohol and 5% methyl
alcohol, as did D. V. Sokol'skiy and his associates (5-7) for the hydrogena-
tlon of cinnamic acid in 8 solution of 96% ethyl alcohol on a skeleton nickel
catalyst and for the decomposition of diazonium salts of metallic copper.

The present investigation, on the example of the hydrogenation of
dimethylacetylenylcarbinol in the presence of a skeleton nickel catalyst,
purposes to study the effect of the rate of agitation on the reaction rate
and to determine how this effect depends on changes of temperature, quantity
of the hydrogenated substance, and quantity of catalyst.

Experimental Part

The procees of thk» hydrogenation of dimethylacetylenylearsbinol in the
liquid phase was carried out in the devicze pictured in Pigure 1. The basic
components of this apparatus were a gas burette, fitted with a water jacket
for maintenance of a constant temperature, and the hydrogenation device
proper, or "duck." The duck was placed in a constant-temperature bath of
0.1l-cu-m vol and fastened in openings in the rod with the help of a brass
brace. The bath was fillsd with water and kept the temperature constant
within the limits of +0.17°C.
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The reaction vessel, the duck, vas subjected to strong, uniform shaking
with the aid of a 0.25-kw electric motor. The design of the agitation appara-
tus allowed for a variation of the number of oscillations of the duck between
200 and 1,600 complete cycles per min. The distance of oscillation of the
duck was 5.2 cm in all experiments. The number of oscillations was registered
vith & tachometer. The measuring part of the apparatus was a gas burette with
an equalizing flask filled with water. dydrogenation was carried out with
pure electrolytic hydrogen which, for removal of traces of moisture and
oxygen,was passed through drying columns filled with calcium chloride and
sodium hydroxide, as well as through an incandescent porcelain tube filled
with pieces of copper or palladium-coated asbestos.

Dimethylacetylenylcarbinol was characterized by the following constants:

T = 103-104°C at 693 mm,

n21= 1.4180, d2Q= 0.8613.
D 3

The solvent, was 96% ethyl alcohol, which was first distilled with the
use of a dephlegmator. The skeleton nickel catalyst was prepared by leach-
ing the aluminum from a Ni-Al alloy (30% Ni and 704 Al).

The active catalyst was prepared from the alloy by the following
method: 1 g of finely ground Ni-Al alloy (d= 0.-1 mm) was placed in a
small test tube and inserted in a Kjeldahl flask containing 80 cc of 209
NaOH; the latter wae first heated oa a boiling water bath. The leaching
was conducted on a boiling water bath for 2 hr, after which the alkali was
decanted and the resultant catalyst washed four times with distilled water
(100 vc at & time) and then twice more with 96% ethyl alcohol (10 cm at a
time).’ A portion of the light particles of the catalyst was lost by de-
cantation in the washing, thus lovering its activity. To preclude loss of
the catalyst, all wesh water was set aside and allowed to stand, the parti-
cles which settled in time being added to the total catalytic mass.

Reagents were added to the reaction vessel (duck) in the following
order. To the catalyst, which had been transferred into the duck, were
added 20 cc of 954 ethyl alcohol. The temperature required for the ex-
periment was esteblished in the constant-temperature bath 0°C was ob-
tained by f£illing the bath with ice). Then the air in the reaction system
was displaced by a_current of hydrogen by means of passing through the
system 600- cm 3 of Ho, & test for purity of the hydrogen.

The next operatinn was p. eliminary saturation of the catalyst with
hydrogen, which was necessary to bring the catalyst to the standard state.
The catalyst was agitated for 15 min at a rate of 1 ,080 oscillations/min.
-In this period 2-5 cm3 of hydrogen were absorted. After saturation of the
catalyst with hydrogen, the substance to be hydrogenated and 5 cm” more
ethyl alcohol were introduced into the current of hydrogen. The moment
the motor for producing uniform shaking of the duck was switched on was
taken as the beginning of hydrogenation. Then, a reading of the consumption
of bydrogen (from the burette) during one minute was teken. The termination
of hydrogenation was determined from an absence of change in the water level
in the burette over several minutes.
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Results of Experiments

The hydrogenation of dimethylacetylenylcarbinol proceeds according to
the following equation:

CH3 [o}:4 CH3 OH OH
\. ./ ./ o
Cc + Hz-—* [+ + H2—+Cd3-C-CH3-CH3
7N\ VAR
CH3 C=CH CH3 CH=CHQ CH3

Dimethylacetylenylcarbino: Dimethylvinylecarbinol Isoamyl Alcohol

Figure 2 shows the curves which indicate the course of the dimethylacety-
lenylcarbinol hydrogenation reaction with time wnen te = 0%. fThe axis

of abscissae of these curves represents the total volume of hydrogen enter-
ing into the reaction, and the axis of ordinates, the rate of the reaction in
cm3/min. FromFigure 21t 1s evident that at 09C the reaction is satisfactorily
described by an equation of the zero order, sipce the rate of hydrogenstion
of dime.hylacetylenylcarbinol, expressed in cm3/min, wasconstant up to the point
at vhich two thirds of the required hydrogen was absorbed {according to calcula-
tion, under normal conditions for the hydrogenation of 0.1723 g of dimethylacety-
lenylcarbinol into isoamyl alcohol, 91 9 cm3 are required). WMo discontinuity
corresponding to the conversion of the triple bond ic Qouble was observed. Flgure
2 a&so shows the reproducibility of experimerts conducted under completely analogous
conditions.
When te = 250C, the reaction is also described by an equation of the

zero order. xRFter the order of “he reaction had been established, a study

» made of the effect of the rate of agitation of the reaction mixture on
the rate of hydrogenation of dimethylacetylenylcarbinol at 0° and 25°C. The
conditions of hydrogenation for the experiments shown in Figure 3 vere as
follows: 0.1723 g of dimethylacetylenylcarbinol, 0.3 g of the Ni catalyst,
and 25 ml of 96% ethyl alcohol as solvent. The results of these experiments
can be presented in the form of curves showing the effect of the rate of
aglitation (oscillationsémin) on the rate of hydrogenation of dimethylace-
tylenylcarbinol (4Vo cm /min) (Figure 3). From the curves, it is evident

that when d:Lmethyfgcetylenylcarbinol is hydrogenated at 0° and the intensity

of sgitation is increased (210-520 oscillations/min), the rate of hydro-

genation rises, i.e., the reaction takes place in the diffusion region. Above

520 oscillations/min, the rate constant remains constant, aad the reaction '
takes place in the kinetic region. When the temperature of the experiment

is 25°c, the transition from the diffusion to the kinetic reglon 1s cbserved

at higher rates of agitation (580 oscilletions/min).

When the temperature of the experiment is 25°C, the hydrogenation
reaction proceeds more rapidly than at O°C. An increase in the reaction
rate under the given conditions leads ir turn to the development of hina-
rances to sufficiently rapid movement of hydrogen molecules toward the
surface of the catalyst, since the rate of the reaction increases much
faster when the temperature is increased than the rate of diffusion. The
hindrances to hydrogen diffusion are overcome by more intensive agitation
of the reaction mixture (then, the reaction proceeds in the kinetic region).

On the basis of the cited data it {s possible to calculate the apparent

activation energy at different points of the diffusion regions and in the
kinetic region. :
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When the intensity of agitation is equal to 210 oscillations/min and “he
temperature of the experiment is 0%, the rate of hydrogenation of dimethyl-
aceiylenylcarbinol, expressed in cm3/min, is equal to 6 cm3/min, while at
25% un% Lhe same rate of agitation, the rate of hydrogenation is equal to
10.1 cm’/min; the apparent activation energy, calculated between these points
on the curves (Figure 3) by the formula of Arrhenius:

ko _ 1

ln'ff"'gh (ﬂﬁf&ﬁ;)’
is equal to 2,961 cal/mole. The apparent -nerzy of activation calculated
at a rate of agitation of 330 oscillations/min is equal to 3,477 cal/mole,
and at 400 oscillations/min, 3,747 cal/mole. Over 580 oscillations/min,
the activation energy remains constant, equai to 4,733 cal/mole. With an
increase of the intensity of agitation within the limits studied by us
of 210-580 oscillations/min, the apparent energy of activation rises linearly
as the rate of agitation increases, but then, with any further increase in
the rate of agitation in the range of 580-1,080 oscillations/min, no in-
crease in the apparent activation energy takes place: it remains constant
equal to 4,733 cal/mole.

To study the effect of the rate of agitation on th. rate of hydrogena-
tion in dependence on the concentration of the substance to be hydrogenated,
2 series of experiments was conducted at 0°C. The quantity of dimethyl-
acetylenylcarbinol taken in each experiment of this series was 0.5168 g,
i.¢., three times as much as in the preceding series of experiments. Again
in this case, the reaction obeyed an equation of the zero order up to the
point at which two thirds of the theoretically required hydrogen was ab-
sorbed.

The resulis of the second series of experiments, conducted to study
the effect of intensity of agitation on the rate of hydrogenation of di-
methylacetylenylcarbinol, are shown in Figure 4.

From Figure b 1t 18 evident that the rate constant for the hydrogena-
tion of 0.5168 ¢ of dimethylacetylenylcarbinol increases continuously as
the intensity of agitation rises from 204 to 502 oscillationa/min. From
520-1,080 oscillations/min, it remains constant, independent of further
increases in the rate of agitation.

The rate constant values for hydrogenation of both 0.1726 g and
0.5168 g of dimethylacetylenylcarbinol for identical rates of agitation
of the duck, all other conditions being equal, are nearly the same. For a
quantity of 0.1723 g of dimethylacetylenylcarbinol in a scluticn of 96%
ethyl alcohol,the trangition from the diffusion to the kinetic region
occurs at 520 oscillations/min. With an increase in the quantity of the
unsaturated compound (0.5168 g of dimethylacetylenylcarbinol) this transi-
tion takes place at 580 oscillations/min-

It would seem at first glance that increasing the quantity of the sub-
stance to be hydrogenated would facilitate an earlier transition from the
diffusion to the kinetic region. Actually, however, experimental investiga-
tions have shown that when the quantity of dimethylacetylenylcarbinol is in-
creased, the transition from the diffusion region tc the kinetic takes place
earlier. This becomes comprehensible if we consider not only the diffusion
of the unsaturated compound but aleo the diffusion of hydrogen to the surface
of the catalyst. The latter is apparently the limiting factor in the process
of hydrogenaticn of a larger quantity of an unsaturated compound. Actually,
molecules of hydrogen,before diffusing tc the surface of the catalyst, must

. pase through two boundaries, gas-liquid and liquid-solid, while molecules of
the unsaturated compound pass through only cne boundsry, liquid-solid. In
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the course of the reaction, therefore diffusion hindrances may delay the
diffusion of hydrogenmore effectively:n comparisonwith the diffusion of the
unsaturated compound. The rate of hydrogenation is evidently determined
here by the rate at which hydrogen molecules approach the gurface of the
catalyst. This limiting factor, diffusion of hydrogen to the surface B

can be overcome only by further in.reasing the intensity of agitation (in
our case, up to 580 oscillations/min).

The hydrogenation of a 0.5163 g quantity of dimethylacetylenylcarbinol
at a rate of agitation in the range between 520-580 oscillations/min can be
thought to proceed in the kinetic region, with respect to the unsaturated
compound, und in the diffusion range, with respect to hydrogen. At an agita-
tion of 580 oscillations/min or higher, the limiting factor of hydrogen dif-
fusion is overcome, and the ret tion proceeds in the kinetic region, with
respect to both components.

The next stage of the investigation was concerned wi.h a study of the
effect of the intensity of agitation of the reaction mixture on the rate of
hydrogenation of dimethylacetylenylcarbinol (in water) in dependence on the
quantity of catalyst. The experiments were conducted with 0.1723 g quanti-
ties of dimethylacetylenylcarbinel and 25 ml quantities of water distilled
twice at 0°C. The results of this investigation are presen.ed in Pigure 5.

From an examination of the curves reproduced in Figure 5, it is evident
that as the rate of agitation is increased from 210 to 580 ascillations/min,
the rate of hydrogenation of dimethylacetylenylcarbinol in water increases B
and the reaction proceeds in the diffusion region.

As the intensity of sgitation is raised higher than 580 oscillations/mir
the rate constant of the hydrogenation ceases to depend on the rate of agita-
tion, and the reaction proceeds in the kiretic region. In the diffusion
region, particularly at low rates of agitation, an increese in the quantity
of the catelyst has a small effect on the increase of the bydrogenation
rate constant. In the diffusion region, there 1s a curvilinear dependence
of the hydrogenation rate constant on the quantity of catalyst. In the
kin~tic region, the rate of hydrogenaticn of dimethylacetylenylcarbinol
varies in direct proportion to the increase of the quantity of catalyst
(Figures 5 and 6), and the ratio of the value of the rate constant in hydro-

‘ genation of dimethylacetylenylcarbinol AV, cm3/min to the weight q of the

At
Raney Ni catalyst, i.e., the specific catalytic activity for each experiment,
remains constant, equal to approximately 16.h.

From the curves (Figure 5), it is easily noticeable that the transition
from the diffusion region to the kinetic occurs at the same rate of agitation
{580 oacillatiom\/min), independent of the quantity of catalyst.

An increase in the reaction rate leads to an increased consumption of
hydrogen on the surface, i.e., the diffusion of hydrogen to the surface of
the catalyst becomes the limiting process in the course of the reaction. In
this connection, it should be expected that in the hydrogenation o: dimethyl-
acetylenylcarbinol an increase in the quantity of the catalyst must cause the
transition between the diffusion and kinetic regions to occur at higher agita-
tion intensities. In our experiments this was noi observed. To discover
a satisfactory explanation for this phenomenon, it is necessary to turn to
Figure 4. From Figure 4 it is evident that a decrease in the quantity of the
substance to be hydrogenated displaces the boundary between the diffusion
and kinetic regions in the direction of lower rates of agitation.
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In the latter case, it is necessary to take intcaccount that the concen-
trat.on of the substance being hydrogenated,relative to the quantity of catalyst.
does not remain constant when the quantity of catalyst 1s increased. Therefore it is
poeiible that within the known limits there begins to appear a compensation .
of some factors which retard the tranaition from the diffusion region to the
kinetic and other factors vhich accelerate it.

Also of interest is the question concerning the influence of the n-ture
of the solvent on the position of the diffusion and kinetic regions during the
course of the dimethylacetylenylcarbinel hydrogenation reaction on Raney
nickel.

We conducted no special investigation into the in®luence of the nature
of the solvent. However, Figure T compares the rateg of hydrogenation of
dimethylacetylenylcarbinol in water and alcohol at 0°C and shows the posi-
tions of the transition of the diffusion region to the kinetic ir each of
these solvenis. Figure 7 shows that the hydrogenation of dimethylacetylenyl-
carbinol proceeds more rapidly in alcohol . an in water in both diffusion
and kinetic regions. The transition from the diffusion region to the kinetic,
when the hydrogenation s conducted in alcohol, occurs at lover rates of
agitation {520 oscillations/min) than in water (580 oscillations/min).

The displacement in the direction of higher agitation intensities of the
point of transition from the diffusion to the kinetic region, when dimethyl-
acetylenylcarbinol is hydrogenated in water, is proof that under the given
conditions the effect of the surface tension of water on the rate of diffusion
of hydrogen to the surface of the catalyst begins to make itself felt. It is
known that the value of surface tension for water is higher than the value for
sthyl alcechol, while the solubility of such gases as Hy, Ny, Op, etc., in

. various liquids decreases as the surface tension of the solvent is increased
(9). It is therefore possible tu assume on the basis of these properties of
water and alcohol that a Ligher intensity of agitation is required to elimi-
nate the effect of diffusion processes and pass over into the kinetic region
when hydrogenation 1s conducted in water rrther than alcohol.

Conclusions

1. A study was made of the kinetics of hydrogenation of dimethylacetyl-
enylcarbinol in a solution of 96% ethyl alcohol and in water on a skeleton
nickel catalyst.

2. It vas established that, independent of temperature, quantity of
. the substanc: being hydrogenated, nature of the solvent (alcohul, water),
and quantity of catalyst, t.e dimethylacetylenylcarbinol hydrogenation
reaction proceeds according to the zero order.

3. Variation of the rate of agitation of the reaction mixture made
it possidble to delimit the diffusion and kinetic regiocus in the hydrogena-
tion process.

4., In the diffusion region, the rate of the reaction depends on the
intensity of agitation. In the kinetic region, the rate of hydrogenation
is not dependent on the intensity of agitation.

5. It was established that when dimethylacetylenylcarblaol is hydro-
genated in an alcohol solution at 0%C, the transition from the diffusion
region to the kinetic occurs at lower rates of agitation (520 oacillations/

min), while at 250C, other conditions being equal, this transition occurs
4 at higher rates of agitation (580 oscillations/min).
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6. In the diffusion region, the apparent energy of activation increases
almost linearly as the intensity of agitation is increased.

In the kinetic region, the apparent energy of activation remains
censtant, equal to 4,733 cal/mole.

7. It was shown that when the quantity of the rubstance to by hydro-
genated is increased, the transition from the diffusion to the kinetic region
takes place at higher intensities of agitation. This phenomenon is evidently
explained by a limiting factor in the process, the diffusion of hydrogen.

8. The rate of hydrogenation of dimethylacetylenylcarbinol in alcohol
is almest three times as great as the rate of hydrogenation of the same sub-
stance in water, vhen other conditions are equal. The transition from the
diffusion region to the kinetic, when dimethylacetylenylcarbinol is hydro-
genated in alcehol, takes place at a lower intensity of agitation than in the
case of hydrogenation in water.

9. In the diffusion region the rate of hydrogenation of dimathylacetyl-
enylcarbinol on a skeleton nickel catalyst varies according to a concave
curve as the quantity of the nickel catalyst is increased; in the kinetic
region the reaction rate rises in proportion to the increase of the quantity
of catalyst.
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Figure 1. Apparatus for Catalytic Hydrogenation in the
Liquid Ph.se. 1 - motcvr; 2 - first cone; 3 - second
cone; 4 - eccentric; 5 - rod; 6 - iron tank for cunstant-
temverature bath; 7 - measuring burette; 8 - elestric
furnace; 9 - duck.
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